Introduction
High nitrogen nickel-free austenitic stainless steel is recently focused as a material used for medical metallic instruments in terms of the prevention of skin allergy caused by nickel. [1] [2] [3] In addition, since the strength and corrosion resistance of this material are superior to those of conventional stainless steels such as AISI 304 and AISI 316L, it is also expected as a thin plate or wire for implants. 4) In the previous study, 5) the authors investigated the tensile properties of a high nitrogen nickel-free austenitic stainless steel (Fe-25Cr-1N* alloy) produced by solution nitriding, and then confirmed that this steel has extremely high yield strength of over 600 MPa owing to the solid solution strengthening by nitrogen. However, it was also found that the steel exhibited an insufficient elongation because of brittle intergranular fracture caused during uniform tensile deformation. The metallurgical factors inducing the intergranular fracture was examined, and then concluded that the marked stress concentration at grain boundaries, which is derived from the grain coarsening caused during solution nitriding and the development of planar dislocation arrays, seems to be deeply related with the intergranular fracture.
The most effective way to reduce the stress concentration at grain boundary during deformation should be grain refinement, which is generally known as a strengthening method of polycrystalline materials. According to the dislocation pile-up model, 6, 7) high yield stress of fine-grained material is derived from the reduction of stress concentration at grain boundary by grain refinement through the decrease in the number of piled-up dislocations in a slip plane. Although the quantitative value of the stress concentration in plastically deformed material could not be estimated in that theory, it is qualitatively true that the stress concentration at grain boundary is significantly reduced by grain refinement, and thus, the occurrence of intergranular fracture would shift to higher strain and higher stress side in spite of the increase in yield stress.
In this study, grain refinement was attempted by the twostep phase transformation method 8) for the Fe-25Cr-1N alloy to suppress the intergranular fracture and improve the strength-ductility balance of the steel. The mechanical properties were investigated by means of tensile testing, and then the fracture surface and dislocation substructure development were observed to discuss the effect of grain Nickel-free austenitic stainless steel (Fe-25Cr-1N) was produced by solution nitriding, and then the grain size was variously controlled by the two-step phase transformation method. Mechanical property of the steel with different grain size was investigated by means of tensile testing to clarify the effect of grain size on the strength, elongation and fracture surface. The as-solution-nitrided material with a coarse grain size caused brittle intergranular fracture on the way of uniform deformation before the onset of local necking deformation. As a result of grain refinement, intergranular fracture was markedly suppressed, and this leads to the enlargement of elongation as well as increase in yield strength and tensile strength. The suppression mechanism of intergranular fracture was discussed on the basis of dislocation pile-up model together with the experimental results of TEM observation for dislocation substructure in tensile-deformed materials. It was then concluded that the stress concentration at grain boundary is reduced by grain refinement, and this contributed to the suppression of intergranular fracture and enlargement of elongation in the grain-refined material.
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* Throughout this article, the chemical composition is expressed in mass percent, unless otherwise stated. refinement.
Experimental Procedure
The high nitrogen austenitic steel used in this study was prepared by solution nitriding. The base material before solution nitriding was 25Cr ferritic stainless steel with a chemical composition shown in Table 1 . The 30 kg ingot of 25Cr steel produced by induction melting was homogenized at 1 473 K, and then hot-forged to a bar of 50 mm in diameter. The plate specimens (40 mm lengthϫ15 mm widthϫ1 mm thickness) cut from the hot-forged bar were wet-polished and then electrically polished with a solution of phosphoric acid and chromic oxide (H 3 PO 4 : CrO 3 ϭ 2 : 1). Solution nitriding was performed for the specimen at 1 473 K in a nitrogen gas atmosphere of 0.1 MPa for 72 ks at the maximum, followed by water cooling so as not to cause austenite decomposition and nitride precipitation on the cooling (as-solution-nitrided material). The solution-nitrided steel was subjected to isothermal heat treatment in (ferriteϩCr 2 N) dual phase region at 1 173 K for 0.3 ks. Finally, the isothermally heat-treated steel was re-austenitized at 1 473 K for various times to control the grain size, followed by water-cooling.
Tensile tests were carried out with an Instron-type testing machine at initial strain rate of 3.3ϫ10
Ϫ3
/s for the plate specimens (gage: 6 mm lengthϫ3 mm widthϫ1 mm thickness). Microstructure was observed by an optical microscope (OM), a scanning electron microscope (SEM) and a transmission electron microscope (TEM). The grain size (nominal grain size) of austenite was measured by quadrature method. 9) Phase identification was carried out by X-ray diffractometry.
Production and Microstructure Control of Ni-free 25Cr-N Austenitic Stainless Steel

Microstructure of Solution-nitrided Material
The base material, Fe-25Cr alloy, originally possesses stable ferritic structure because it contains little austenite stabilizing elements. However, the ferrite phase transforms to austenite phase during solution nitriding at elevated temperature by absorbing nitrogen. Figure 1 shows the change in average nitrogen content of the plate specimen during solution nitriding at 1 473 K. The nitrogen content is gradually increased and then saturated at 1.10 mass%. That value was necessarily fixed by the thermodynamical equilibrium condition determined by temperature (1 473 K), gas atmosphere (0.1 MPa N 2 ), and the chemical composition of steel. 10) In the case of 1mm thick specimen, it takes 43.2 ks to achieve full absorption. Figure 2 represents the optical micrographs showing the behavior of ferrite to austenite phase transformation in the Fe-25Cr alloy during solution nitriding at 1 473 K. The original ferritic structure (a) starts the phase transformation from the specimen surface where the nitrogen concentration is increased, as shown in (b). The austenite layer gradually grows (c), and finally, the whole of specimen is covered with austenite (d).
11) The grain size of the austenite is large as several hundred micrometers (260 mm by quadrature method). Figure 3 shows X-ray diffraction patterns for the specimens before and after the solution nitriding. It is confirmed that the specimen has fully transformed to austenite after the solution nitriding. It should be noted that the as-solution-nitrided material exhibits a unique grain structure characterized by the grain boundaries existing in the center of the specimen which are parallel to the surface plane (solid arrows) and those linking the surface and center which are normal to the surface plane (open arrows). This suggests that all of the austenite grains have nucleated at the specimen surface and continued growing until they collided with other grains that have nucleated in the neighborhood or at the opposite surface. Table 1 . Chemical composition of a ferritic steel prepared as the base material for solution nitriding (mass%). The heat treatment for grain refinement is schematically shown in Fig. 4 . The austenite specimen obtained by solution nitriding is firstly subjected to isothermal heat treatment at intermediate temperature range around 1 200 K (1st step phase transformation). Since the austenite structure of nickel-free high nitrogen steels is thermally instable, the austenite is decomposed to (ferriteϩnitride) dual phase structure during the holding at the temperature. In the case of Fe-25Cr-1N alloy, austenite can be fully decomposed to (ferriteϩCr 2 N) eutectoid structure, in which large austenite grains are divided into fine eutectoid blocks. After the decomposition of austenite, the steel is re-heated to austenite single phase region to make the ferrite reverse to austenite (2nd step phase transformation). As a result, fine-grained austenite single structure will be successfully obtained. Figure 5 shows practical microstructure development during isothermal heat treatment at 1 173 K in Fe-25Cr-1N alloy. The eutectoid structure is initially formed at austenite grain boundary and grows into the interior of austenite grain. After 0.3 ks treatment, full eutectoid structure is obtained under this heat treatment condition. The block size was approximately 60 mm. Since the austenite tends to nucleate at the eutectoid block boundaries on heating to reversion treatment temperature, 8) the grain size obtained after completing the reversion becomes much finer than that of the as-solution-nitrided material. Figure 6 represents the optical micrograph of grain-refined materials which were reversion-treated at 1 473 K for various times. The smallest grain size (a) is around 20 mm, which is less than a tenth of the grain size of as-solution-nitrided material. By using the Eq. (1), the grain size can be arbitrarily controlled. In this study, the grain size of reversion-treated material was controlled in the range from 20 to 150 mm. Figure 8 shows nominal stress-strain curves in Fe-25Cr-1N alloys with various grain sizes. The result of conventional austenitic stainless steel, AISI 316L (grain size: 40 mm), is also shown for reference. The yield stress of Fe-25Cr-1N alloys is much higher than that of the conventional steel owing to the solid solution strengthening by nitrogen. In the previous study, an equation predicting 0.2 % proof stress of high nitrogen austenitic stainless steel was proposed as follows According to the Eq. (2), the 0.2 % proof stress of the austenitic steel containing 1.10 % N is estimated at 720 MPa, which approximately corresponds to that of the specimen with 40 mm grain size shown in Fig. 8 . On the other hand, there is also a grain size dependence of yield stress in Fe-25Cr-1N alloys. Figure 9 shows the relation between 0.2 % proof stress and inverse of square root of grain size. The 0.2 % proof stress linearly increases with increasing the inverse of square root of grain size in accordance with Hall-Petch relationship, expressed by the following equation. ) is significantly larger than the conventional value in low nitrogen austenitic stainless steel around 0.3 GPa/mm Ϫ1/2 . 12,13) It is well known that the Hall-Petch coefficient is strongly influenced by the nitrogen content in austenitic steel. [13] [14] [15] Authors reported the relation between Hall-Petch coefficient and nitrogen content in austenitic steel (Fig. 10) . 13) The experimental data in this study is plotted with a solid circle in the figure. The experimental value is successfully in agreement with the previous report. As for the grain size effect on ductility, a significant improvement is found in Fig. 8 on the total elongation and local necking behavior. In the as-solution-nitrided material with a coarse grain size, brittle fracture occurs on uniform deformation before the onset of local necking deformation, similarly to the result in previous study. 5) However, the elongation is markedly enlarged with refining grain size, and besides, even a clear local necking deformation appears in the finest grained specimen though its tensile strength is increased to as much as approximately 1.2 GPa. 10 . Relation between Hall-Petch coefficient and nitrogen content in austenitic steels. 13) represents SEM images showing fracture surface of the tensile-tested specimens. It is confirmed that the as-solutionnitrided material (a) causes typical intergranular fracture at the most part of austenite grain boundaries. However, the ductile surface with dimples is clearly observed in the grain-refined materials (b), (c). Especially in the case of 20 mm grain size, almost whole fracture surface is covered with dimples as observed in the magnified picture (d) . Figure 12 shows the relation between the area fraction of intergranular fracture surface and grain size. It is found that the area fraction of intergranular fracture around 65 % in as-solution-nitrided material is remarkably decreased in the grain-refined materials to the level of 30 % or less. The effect of grain refinement becomes more significant when the grain size is reduced below 50 mm. The suppression of intergranular fracture should be directly related to the enlargement of elongation and the occurrence of local necking deformation in the fine-grained materials.
Effect of Grain Refinement on Mechanical Property in Fe-25Cr-1N Alloy 3.2.1. Tensile Property of As-solution-nitrided and Grainrefined Materials
Mechanism of Intergranular Fracture Suppression
by Grain Refinement Although there seems to be several reasons for the suppression of intergranular fracture by grain refinement, the most important mechanism would be the reduction of stress concentration at austenite grain boundary. The effect of grain size on the stress concentration is quantitatively explained by the dislocation pile-up model 6, 7) ; the degree of stress concentration (shear stress applied to grain boundary on the slip plane, t tip ) is demonstrated to be proportional to the grain size, D, as expressed in the following equation: (4) where, n is the number of piled-up dislocation, t appl is the applied shear stress, k is the constant depending on the type of dislocation, G is the shear modulus, and b is the Burgers vector. This equation describes the shear stress applied to grain boundary is proportional to the grain size, meaning that the stress concentration at grain boundary reduced to one-thirteenth by grain refinement from 260 mm (as-solution-nitrided) to 20 mm. However, that model was originally constructed for derivation of grain size dependence of yield stress (Hall-Petch relationship), and therefore, it cannot be strictly applied to the case of plastically deformed material. For example, if the tensile true stress of 1 000 MPa (t appl : (1 000Ϫ570)/2 MPa, see Fig. 9 ) is substituted into this equation with 20 mm grain size, the shear stress at grain boundary, t tip , reaches approximately 70 GPa, which is near the ideal strength of iron. This suggests that the relaxation of stress concentration takes place around grain boundary. As an experimental evidence of dislocation pile-ups, Uetani et al. 16) observed the surface asperity of tensile-tested specimen and measured the height of step appeared between two neighboring grains at a grain boundary in an aluminum alloy. Then they showed the step is lower in small-grained specimen than in large-grained specimen. Since the step height measured in his study corresponds to the amount of dislocations disappeared at the specimen surface in the vicinity of grain boundary, this experimental result indirectly proves that the number of piled-up dislocations tends to be decreased by grain refinement. On the other hand, in the case that formation of deformation twin promotes brittle fracture (reported in a high nitrogen steel 17) and Hadfield steel 18) ), the inhibition of twinning due to grain refine- ment 19) also should contribute to the suppression of intergranular fracture.
In order to confirm which mechanism is dominant in the Fe-25Cr-1N alloy, the dislocation substructure was observed with TEM for the tensile-deformed as-solution-nitrided (a) and grain-refined (20 mm) (b) materials, as represented in Fig. 13 . The dislocations near a grain boundary are also focused for the as-solution-nitrided material (c). The strain given by tensile testing was fixed at around 30 % which is almost same as the critical strain to cause intergranular fracture in the as-solution-nitrided material. In both materials, the dislocation substructure in a grain (a), (b) is characterized by strongly developed planar dislocation arrays on the primary slip plane. The image near a grain boundary (c) reveals that multiple dislocation slip occurs and it causes complex dislocation reaction and tangling in the vicinity of grain boundary, but no typical dislocation cell structure is formed. Although deformation twin was sometimes observed within the dislocated austenite matrix, we could not find significant difference between the two materials in the frequency of twin formation. From the results of TEM observations, it would be concluded that the main reason of the occurrence of intergranular fracture is not due to the formation of deformation twinning but to the stress concentration caused by dislocation pile-ups at grain boundary.
A final issue to be considered is the large discontinuous gap between as-solution-nitrided and grain-refined materials in the area fraction of intergranular fracture surface (see Fig. 11 ). It cannot be explained only by the reduction of stress concentration at austenite grain boundary. Other than the stress concentration reduction, the grain boundary arrangement and nature also seems to relate to this phenomenon. As reported in the previous paper, 5) intergranular fracture tends to occur at high angle random boundaries which are perpendicular to the tensile axis. In the case of as-solution-nitrided material, long and straight austenite grain boundaries exist across from surface to center which are normal to the tensile axis, as described in the previous section. Such arrangement of grain boundary in as-solution-nitrided material is thought to be beneficial for intergranular fracture. In addition, a long time heat treatment for solution nitriding might have caused significant grain boundary segregation of impurities, such as phosphorus and sulfur. This also works as a factor inducing intergranular fracture. 5) In contrast, the grain-refined materials undergoing two-step phase transformation have equiaxed finegrained structure, where the zigzaging path 20) prevents the intergranular crack propagation. Besides, it is also possible that the segregated impurities have been released into austenite matrix through the twice of phase transformations, resulting in the formation of 'fresh grain boundary'. The large gap between as-solution-nitrided and grain-refined materials in the area fraction of intergranular fracture surface would be explained by these factors depending on grain boundary arrangement and nature.
Conclusions
Nickel-free austenitic stainless steel with a chemical composition of Fe-25Cr-1N was produced by solution nitriding, and then the grain size was variously controlled by the two-step phase transformation method. The mechanical property of the steel with different grain size was investigated by means of tensile testing, and the following results were obtained:
(1) Grain refinement strengthening in Fe-25Cr-1N alloy is more effective than that in conventional austenitic steels because the Hall-Petch coefficient is markedly enlarged by the large amount of nitrogen.
(2) Brittle intergranular fracture is caused in the as-solution-nitrided material due to a coarse grain size, but it is effectively suppressed by grain refinement. As a result, the elongation is markedly enlarged with refining grain size, and besides, even a clear local necking deformation appears in the grain-refined material in spite of its high strength.
(3) The suppression of intergranular fracture by grain refinement is mainly due to reduction of stress concentration at grain boundary. The mechanism could be explained by the decrease in the number of piled-up dislocations on the primary slip plane by grain refinement.
(4) The intergranular fracture seems to be promoted by the high angle random boundaries arranged perpendicularly to the tensile axis and the significant grain boundary segregation of impurities caused during a long time heat treatment for solution nitriding. Grain refinement through twostep transformation could improve these factors as well. 
